Abstract: Algae colonisation has been observed on silicone rubber insulators around the world especially in a subtropical climate because the moderate temperature and moisture could aggravate the growth of algae upon silicone rubber material. The surface of these insulators easily forms a water film, and the originally excellent hydrophobicity is decreased or even destroyed. This study explores the regularity of the hydrophobicity changes and the underlying mechanism. Based on the solid layer method, silicone rubber samples were found with algae and inorganics quantitatively, and their contact angles were measured after reservation under different humidity levels. The results showed that although inorganic ash could accelerate the hydrophobic recovery process, algae colonisation decisively decreased the hydrophobicity, especially in moist climates. After an extensive investigation of biological contaminants, it was found that the appearance of algae was independent of inorganics, but algae could accelerate the accumulation of inorganics through water absorptivity and the viscosity of secretions. The water absorption ability of algae was compared with that of inorganic ash and sugar, and their difference was deduced to be due to the environmental adaptability of the algae organisms, which was reflected mainly in a dry climate. The microscopy analysis of biocontaminants was conducted through SEM.
Introduction
Composite insulators have been widely applied in power systems because of their excellent electrical and mechanical characteristics such as water repellent ability, high surface resistivity, antipollution flashover function, low weight, and high mechanical strength [1] [2] [3] [4] . Future silicone rubber composite insulators could be installed more extensively with the development of extra-high voltage (EHV) and ultra-high voltage (UHV) transmission lines [5, 6] . However, as a consequence of being an organic silicone rubber polymer, the composite insulator surface cannot resist gradual contamination by biological pollutants, especially in tropical and subtropical climates, including Sri Lanka and Tanzania [7] , northeastern Japan [8] , the Papua New Guinea [9] , and the New Orleans area [10] . This serious phenomenon can be widespread due to the improvement of the human ecological environment [11, 12] .
The hydrophobic characteristic is a key factor of silicone rubber insulators to ensure their safe and stable operation. In contaminated and humid conditions, water molecules gather as independent droplets rather than a continuous water film; thus, the surface maintains a high level of anti-flashover performance [13, 14] . However, it has been determined that the surface easily forms a water film after biological colonisation. The major species among the bio-contaminants was green algae, for which the growth was closely related to water. The algae cells attract water molecules in the air, and the bio-film appears as emerald green especially in fog or light rain weather with a high relative humidity [15] . At this time, the hydrophobic transfer ability of silicone rubber insulators was decreased or even destroyed, and the continuous water film easily dissolves conductive pollutants, leading to the development of a large leakage current [16] . As a result, the flashover voltage of the silicone rubber insulator is decreased, and the decrease in flashover voltage is relevant to the growth condition and the experimental setup. It has been demonstrated that the flashover withstand ability decreases by ∼20%-30% because of biological growth [17] . The wet flashover voltage of a composite insulator with irregular algae growth was significantly decreased by 25-70% [18] , particularly on the top shed [9] .
Many researchers have mentioned the hydrophobicity of biologically contaminated insulators, and most results have demonstrated a substantial loss [19] . Based on the hydrophobic classification (HC) method, the hydrophobicity of an algae growth area was investigated by visual inspection as HC 3-7 [20] . However, the decrease in hydrophobicity lacked a quantitative analysis, and the result should take into account the growth of algae. Therefore, the contact angle method and artificial pollution are necessary for the research of the hydrophobicity of biologically contaminated silicone rubber insulators.
In previous research, we have studied the effects of pure algae cells on the hydrophobicity of a composite insulator quantitatively, and we concluded that the extracellular polymeric substances (EPSs) secreted by algae cells were the fundamental factor to influence the specific value of the contact angle [15] . However, the conclusion of algae contamination could not be directly applied in the actual bio-contamination case because the biological pollutant comprises an organic part and an inorganic part. The organic one is algae cells, and the inorganic contaminants are soluble salt and insoluble ash. Typically, their contents are not correlative because algae growth depends on the ecological environment and biodiversity, but the inorganic content is related with the nearby pollutant source. The influence of algae and inorganic contaminants has been researched separately [21, 22] , and the hydrophobicity of silicone rubber insulators fouled with them simultaneously needs to be explored.
Obviously, the atmospheric conditions, especially the relative humidity, are an essential factor for biological colonisation to influence the hydrophobicity of silicone rubber. The amount of EPSs is adjusted by algae cells depending on the surrounding humidity, so the formation of the water film is also related with the relative humidity in the air [15] . In contrast, the hydrophobicity of silicone rubber insulators fouled with only inorganic pollutant is almost unaffected by humidity because of the unique hydrophobic transfer ability of silicone rubber [3] . However, the relationship between humidity and hydrophobicity of a composite insulator with two kinds of pollutants has not been established. This work studied the hydrophobic properties and the mechanism of biologically contaminated insulators. The experiment described herein was designed to explore the hydrophobicity and hydrophobic transfer ability of biologically contaminated composite silicone rubber insulators under different humidity conditions and pollutant compositions using an artificially controlled climate chamber. Furthermore, this research explored the essence of biological contaminants on an insulator and the mechanism to describe the decrease in hydrophobicity by both an organic pollutant and an inorganic pollutant through the comparison of the water absorption ability and microscopic observation via scanning electron microscopy (SEM).
Hydrophobicity test

Sample
Algae contaminates were collected from high-voltage insulators of Ya'an, Sichuan province of China. The contaminates were purified to obtain the algae suspension. Silicone rubber samples were circular with the diameter of 95 mm. The samples were artificially polluted with both biological and inorganic contaminants. Usually, the algae density distributed on the silicone rubber insulators was varied from 10 5 to 10 8 cells/cm 2 , and the change in algae density was not significant for the hydrophobicity performance [15] . Therefore, the algae density was set as 10 6 cells/cm 2 . It has been demonstrated that algae appear at clean sites or sites with serious contamination, so the inorganic pollutant part was set at three levels according to the electrical standard IEC 60815: Guide for the selection and dimensioning of high voltage insulators for polluted conditions (Table 1) .
NaCl and kaolin powder were selected to be mixed quantitatively with distilled water to form an inorganic slurry, and this mixture was added to the purified algae suspension to prepare the biological contaminants. Based on the electrical standard IEC 507: Artificial pollution tests on high-voltage, the silicone rubber specimen was polluted using the solid layer method. To compare the hydrophobic characteristics, control groups fouled with only algae or only inorganics under different levels were also made. So seven groups of the samples were set, and each group had five samples for the test accuracy. After the pollution procedure, the samples were reserved in a chamber under 25 ± 1°C with a constant air flow to dry out the excess moisture for 48 h. Afterwards, the bio-contaminated samples were incubated under different relative humidity of 25, 65 to 95% to simulate dry, moderate, and moist climates. At the same time, the other environmental conditions were constant: 25°C temperature, 2000-lux illumination, and 12 h: 12 h dark/light ratio. This incubation process lasted for 1 month.
Method
The samples were horizontally mounted on a plastic support, and this support plane was circular with a diameter of 500 mm, which was elevated by four highly adjustable pillars. Referring to the Chinese electric power industry standard DL/T 864-2004 Application guide of composite insulators for AC overhead lines with a nominal voltage over 1000 V, the contact angle (CA) method was applied to quantitatively detect the hydrophobicity of the bio-contaminated silicone rubber samples. The contact angle measurement was shown in Fig. 1 . The injection controller dripped water droplets on the surface of silicone rubber sample, which drop volume was set as 5 μL. The micro-image of water droplet was captured to by the camera interfaced to the computer, and the contact angle was calculated. When the CA was >90°, the tested samples were considered hydrophobic; when the CA was <90°, the samples were considered hydrophilic. The experimental conditions were maintained the same at a constant temperature of 25°C and a constant illumination density of 2,000-lux. Typically, the relative humidity was adjusted to the corresponding values (25, 65, and 95%) by an air conditioner to test the effect of humidity on the contact angle.
Result
The hydrophobicity of the bio-contaminated silicone rubber differed with the inorganics and relative humidity (Fig. 2) . First, the control groups fouled with only inorganics showed excellent hydrophobic transfer property in all relative humidity conditions. Second, the hydrophobic property of the experimental groups fouled with both algae and inorganics was better than the only algae group. Third, the inorganics components could accelerate the hydrophobic recovery process of the algae-fouled silicone rubber insulator, but the ultimate hydrophobic ability depended on the relative humidity in the air. Typically, once the pure algae accumulated on the surface, the hydrophobicity was suddenly destroyed and could not recover especially in moist condition (Fig. 2c) .
The specific recovery time of contact angle was shown in Table 2 . In the relatively dry climate (RH 25%), the water repellent ability recovered and the contact angle exceeded 90° after ∼ 8-30 h. The heavier the inorganics, the faster the hydrophobicity recovery. In the medium humidity condition, the hydrophobicity recovery time ranged from ∼19 to 63 h varied with the amount of inorganics, which was slower than the dry one. In the extreme moist condition (RH 95%), the contact angle values were lower than 90° at steady state, and the hydrophobicity could not recover in the end.
Mechanism of hydrophobicity changes
Investigation of biological contamination
ESDD and NSDD test:
The bio-contaminated silicone rubber samples were collected from operating insulators in different substations of Sichuan. They were all produced by a representative manufacturer, which is one of the largest manufacturers of silicone rubber insulators in China. In this experiment, we chose six sites; at each site, three samples were tested to minimise the error. The bio-contaminants were quantitatively sampled in 5 cm × 5 cm squares from the insulator surface by a cell lifter and a cell scraper, and then they were put into an aseptic sampling bag made by polyethylene for preservation. Through this sampling method, all of the contaminants were removed, and the silicone rubber was not broken.
To study the characteristics of the bio-contaminants, the equivalent salt deposit density (ESDD) and non-soluble deposit density (NSDD) were tested according to the electrical standard IEC 60815: Guide for the selection and dimensioning of highvoltage insulators for polluted conditions. For all 18 samples, both the algae-fouled area and non-algae area on the surface of the top shed were measured. The tested results are shown in Fig. 3 . The regularity of the ESDD and NSDD of the surfaces of the bio-contaminated insulators could be concluded as follows. First, although the ESDD and NSDD presented a relative data dispersion because of the randomness of pollution accumulation [23] , the three samples in each site did not have much difference. Second, the appearance of algae colonisation was independent of the amount of inorganic pollutant, and the algae adhesion occurred in a well-vegetated area regardless of whether the ESDD and NSDD were low, as in the case of S3, or large, as in the case of S6. Third, once algae colonisation appeared, the change of organic pollutant and inorganic pollutant began to interact. Based on the analysis of each solid circle, it could be found that the ESDD and NSDD of the algae-fouled area were a little bigger than the no-algae area in the same insulator.
To study this specific interaction between algae and inorganic pollutant, the algae was separated, purified, and reserved. The density of the algae population of each sample was measured via flow cytometry. The increase of ESDD and NSDD changing with the algae growth at each site was quantitatively calculated. As shown in Fig. 4 , the algae density was positively correlated with the increase of the amounts of ESDD and NSDD. It could be concluded that the growth of algae might improve the accumulation of pollutant. On the one hand, the algae population preserved moisture on the insulator surface, so the amount of soluble pollutant improved and the ESDD increased. On the other hand, the viscosity of EPS secreted by the algae cells might attract the adhesion of ash in the air; thus, NSDD increased. However, the accurate prediction of this change required the consideration of the definite measurement condition and climate changes around the samples. For example, the change of ESDD of sample 2 in S1 was negative because the relative humidity decreased resulting from the sudden sunny weather. Although the experimental data were relatively fluctuant, the improvement of inorganics accumulation by algae was continuously effective among the biofilms.
Pollutant component test:
At all the different sampling sites, the algae groups were all identified as Apatococcuslobatus based on the comparison of DNA homologous sequences and phylogenetic analysis [24] . As shown in Fig. 5 , these kinds of algae cells were spherical or ellipsoidal with a diameter of 12-22 μm. Each cell had a single nucleus and chlorophyll without a pyrenoid. The cells are widely distributed on stone or bark, located especially in well-vegetated and mountainous regions.
Apart from the biological part, the component of inorganics was also tested. In this experiment, anionic ions were characterised by the ion chromatography (IC) method (Table 3) , and cationic ions were detected by the atomic absorption spectrometry (AAS) method (Table 4 ). The 18 samples at six sites were all tested, and the average value was calculated for each site to compare. 
Fig. 4 Influence of algae colonisation on the ESDD and NSDD of insulator samples numbered from 1 to 18 in 6 sites
Fig. 5 Microscopic image of Apatococcus lobatus cells photographed by an optical microscope (SOIF, SG-51)
Essence of algae
The algae cells were evaluated by the ESDD and NSDD, which were also tested according to the electrical standard IEC 60815: Guide for the selection and dimensioning of high-voltage insulators for polluted conditions. The results are shown in Table 5 . The algae cells absorbed water molecules through the cell membrane based on the free diffusion theory, and the effect depended on the relative humidity in the air. However, the ions were actively transported through the sodium potassium pump to maintain the osmotic pressure adjusted by the cell itself. The conductive ions on the cells surface were slight, and the conductivity of the pure algae suspension was 0 S/m, so the ESDD of algae was 0. During the NSDD test procedure, the cells were dehydrated and the water inside the cell was dried out, so the NSDD value was equivalent to the dry weight of the cell (0.29 mg/cm 2 ). In view of the insulation pollutant, the algae colonisation was identified as the ash content, so the differentiation of their water repellent ability was compared. Kaolin powder and kieselguhr were chosen as the usual inorganic ash in this test. The three kinds of pollutants (kaolin powder, kieselguhr, algae) were all stained on the silicone rubber surface at the same density (NSDD = 0.29 mg/cm 2 ), and each group had five samples. The contact angles of the 15 samples were measured under different humidity conditions from RH 20% to RH 95% as shown in Fig. 6 .
The effect of algae on hydrophobicity was different from that of kaolin and kieselguhr. The regularity of the hydrophobicity of the algae sample changing with the relative humidity complied with the logistics model and appeared as approximately linear, and the specific value of the contact angle spanned from excellent hydrophobicity (118.3°) to extremely hydrophilic (41.6°). The mechanism was free diffusion on the algae cell surface, which was adjusted by the surrounding circumstance and the value of the relative humidity was positively proportional with the water molecule amount in the air, and the water molecules stayed on the biofilm surface after the water absorption process. However, the contact angle of the inorganics including both kaolin and kieselguhr exhibited a negative power function with the relative humidity, and this effect of relative humidity was smaller than that observed for algae. The kieselguhr sample was hydrophobic even in extremely moist condition, and the contact angle of the kaolin powder sample was maintained at ∼90° until the relative humidity exceeded 60%. Both kaolin and kieselguhr absorbed water through porosity based on the BET multi-molecular layer adsorption theory, but the texture of kaolin was more compact as kieselguhr had a distinct porous structure. The kieselguhr tended to adsorb smaller molecular siloxane that evaporated from the inside of the silicone rubber materials because of its porous structure, which then showed a significantly better hydrophobic mobility than kaolin at the macroscopic level.
Water absorptivity of bio-contaminants
The moisture absorption of the samples was the root cause of the differences in the hydrophobic characteristics, so the water absorptivity of algae should be studied and compared with traditional pollutants in depth. Five samples, including pure algae, kaolin, kieselguhr, algae mixed with kaolin, and algae mixed with kieselguhr, were chosen to conduct the water absorption test. All samples were weighed to the same mass, in which algae was evaluated by its dry weight. At first, five samples were placed in a drying oven at 40°C for 2 h to drain the excess water and avoid experimental error. Second, the samples were reserved and investigated in an artificial climate chamber at 25°C temperature, 60% relative humidity, and 2000-lux illumination density for 12 h. From the beginning of incubation, the mass of each sample was measured and recorded by an electronic balance. The change in the algae population from the short duration in this test could be ignored. The water absorption ratio was calculated as:
where m t is the mass of the sample tested at time t and m 0 is the initial mass of the sample immediately after the drying process. Assuming that the water film was uniform, the thickness of the water film was characterised as:
where V, S, ρ, and Δm are the volume, surface area, density, and the mass changes of the water film, respectively. The water film could resolve the NaCl amount at 20°C as:
m NaCl = S NaCl Δm = 35.9 g 100 g Δm = 0.359Δm (3) in which S NaCl is the solubility of NaCl at 20°C. Therefore, the salt solution was positively related to the water absorption ability, and this was important because the surface conductivity acceleration corresponded to the increase of the leakage current on the silicone rubber surface. The thickness of the water film was tested and calculated as shown in Fig. 7 . The results showed that the water absorption ability of the bio-contaminants mixed with both algae and inorganic ash was in between that of pure algae and single ash, and its tendency was similar with that of pure algae colonisation. This result corresponded with the hydrophobicity test of these five samples, and the water absorption ability could explain the changes of the hydrophobicity properly. The microscopic morphology was investigated by a scanning electron microscope (SEM). As shown in Fig. 8a , the algae cells were spherical and connected by the surrounding liquid secretions. The micro-structure of kaolin powder was compact (Fig. 8b) . When the two pollutants were mixed, the algae cells laid in the gap among the agglomerated kaolin powder (Fig. 8c) . The algae cells and inorganics were fully blended as the algae cell surface also adhered small inorganic particles. Therefore, the hydrophilic algae cells could slow and resist the transformation of small siloxane molecules through inorganics, and the hydrophobicity of the silicone rubber fouled with bio-contaminants fell in between that of pure algae and single inorganics.
The water absorptivity of algae cells was the mechanism influencing the hydrophobicity, and the major component of the algae extracellular secretion was polysaccharide [13] . Therefore, it was necessary to compare the water absorption and its ability to influence the hydrophobicity with ordinary sugar. In this test, glucose and algae of the same mass were dried by an electric oven at 40°C for 2 h, and then, the samples were horizontally arranged on an artificial climate chamber and their masses were measured after 12 h of reservation. The relative humidity was set from RH 15% to RH 100%, and the other environmental conditions were constant: 25°C temperature and 2000-lux illumination density.
The increase in mass was calculated based on (1), and the results are shown in Fig. 9 . The masses of both glucose and algae increased with the relative humidity, and their tendency was similar. The mechanism of algae and original sugar in influencing the hydrophobicity of silicone rubber was similar. The EPSs and glucose adhered to the silicone rubber surface and maintained a moist condition through water absorption; thus, the hydrophobicity decreased or was even destroyed. At the same time, the salt dissolved, and the surface conductivity increased. However, the difference appeared especially in a dry climate (RH < 40%) as the gradient of the algae curve was relatively large. When the humidity was relatively low, traditional sugar such as glucose attracts water molecules from the air and makes the insulator surface moist, but EPS secretion was suppressed because the environment was not suitable for survival. In an extremely dry climate (RH < 20%), the algae cells agglomerated, and spores formed; the spores are similar to general ash, and the hydrophobic transfer ability of the silicone rubber was affected. The already available EPSs were decomposed by the symbiotic bacteria in the biofilm, and then the viscosity disappeared.
Conclusion
Algae contaminates destroyed the original excellent hydrophobicity of silicone rubber insulator especially in a moist climate. The hydrophobicity of silicone rubber insulator fouled with both algae and inorganics was in between pure inorganic or pure algae pollutant. Inorganic pollutant accelerated the hydrophobic recovery process of the algae-contaminated insulator.
The algae fouled silicone rubber samples had higher ESDD and NSDD compared with the control group without algae contamination. The increase in ESDD resulted from the water absorption by algae secretion and the salt solution effect. Meanwhile, the acceleration of inorganic ash was due to the viscosity of the EPSs, in which the major component was polysaccharide.
Algae was different from traditional pollutants because its properties on the hydrophobicity of silicone rubber depended on the surrounding environment. Unlike inorganic ash, such as kaolin and kieselguhr, and unlike sugar, such as glucose, the water absorptivity of algae was increased with the relative humidity, and this ability was weakened in a dry climate. Therefore, the damage of algae was critical only in moist conditions.
